In this paper we present an ab initio model-potential embedded-cluster study of the spin doublet excited states of V 2ϩ -doped KMgF 3 , KZnF 3 , and CsCaF 3 fluoroperovskites, which includes intracluster electron correlation and quantum-mechanical lattice effects. The discrepancies of the calculated ground-state absorptions to the spin doublets with available experiments are systematic and amount to some 1000 cm Ϫ1 , leaving room for improvement of the treatment of valence electron correlation. The calculated excited-state absorption spectra originating in 2 E g and 2 T 1g show that the broad 2 E g , 2 T 1g → 2 A 1g absorption bands considerably overlap the potential 4 T 2g → 4 A 2g laser emission, thus establishing a mechanism for laser loss that had not been considered so far in these low-field materials. The results obtained in these V 2ϩ -doped fluoroperovskites, together with those in other d 3 -doped low-field crystals, point out that the observed excited-state absorption spectra may correspond to either a single absorbing excited state or to the superposition of electronic transitions originating in all the different stable excited states lying below the energies used for pumping. Each of these excited states becomes a channel for absorptions that may result in multiple laser loss mechanisms. The separate study of each of these channels appears to be feasible using ab initio embedded-cluster methods. The conditions for the occurrence of single ( 4 T 2g ) versus multiple ( 4 T 2g , 2 E g , 2 T 1g ) excited-state absorption, and, therefore, single versus multiple loss mechanisms, are discussed in this paper in terms of the energy barrier to 2 E g , 2 T 1g → 4 T 2g nonradiative decay. ͓S0163-1829͑98͒08019-9͔
I. INTRODUCTION
The knowledge of the excited-state absorption ͑ESA͒ spectra is considered to be one important clue to predict and understand the actual efficiency of potential solid-state laser materials. Excited-state absorptions from the laser level may overlap either pumping bands or the emission band, thus acting as a loss mechanism. The fact that some V 2ϩ -doped fluoride crystals have been found to lase less efficiently than expected, led to experimental and theoretical investigations of the ESA properties of this d 3 defect in several hosts.
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The possibility of a considerable overlap between the 4 T 2g → 4 A 2g emission band and the first 4 T 2g → 4 T 1g a ESA band was expected: The experimental studies of the ESA spectra encountered considerable difficulties and showed low precision in the wavelength region of spontaneous emission; 5, 6 their conclusions relative to the importance of this loss mechanism in KMgF 3 :V 2ϩ ͑Refs. 5 and 6͒ were noncoincident. Ab initio model-potential ͑AIMP͒ embedded-cluster calculations of the 4 T 2g → 4 T 1g a ESA electronic transition in this material showed no overlap with the emission band, in agreement with the observations of Moncorgé and Benyattou, 6 and the observed low laser efficiency is yet unexplained.
A recent theoretical investigation of the low-lying excited states of isoelectronic Cr 3ϩ -doped low-field chloride and bromide elpasolites has shown a notable overlap between the spin-allowed 2 E g → 2 A 1g ESA band and the emission band. 8 This fact suggests that the absorptions originating in the 2 E g excited state could also be a channel for deactivation of the V 2ϩ lasers in low-field hosts and, therefore, it should be investigated.
Since the higher doublet excited states of V 2ϩ in low fields are difficult to see and assign in ground-state absorption spectra ͑they have low intensity and appear immersed in the broad spin-allowed absorption bands͒, it is not possible to infer the value of the 2 E g → 2 A 1g nor the 2 T 1g → 2 A 1g absorption energies from the available experimental spectra. Ab initio embedded-cluster calculations represent an alternative to clarify whether these mechanisms are important or not in the lasing properties of new materials.
In this work, we have calculated the 2 E g and 2 T 1g ESA electronic transitions of V 2ϩ -doped KMgF 3 , KZnF 3 , and CsCaF 3 . We have found that there is a very large overlap between the 2 E g , 2 T 1g → 2 A 1g ESA and the emission which should result in a notable loss of the laser efficiency.
II. METHOD AND DETAILS OF THE CALCULATIONS
We have used the ab initio model-potential embeddedcluster method 9, 10 The (VF 6 ) 4Ϫ embedded-cluster wave functions and energies were calculated using standard quantum-mechanical molecular programs. 11 The calculations presented here have been carried out using the same 176 contracted Gaussian basis-set functions as in previous work on these materials. 7, 12 The details of the embedding potentials used in this work to embed the (VF 6 The wave functions and energies were calculated using the aproximately sizeconsistent averaged coupled-pair functional ͑ACPF͒ method 15 where the previous CASSCF wave functions were used as the reference for dynamic correlation of 19 electrons. Single and double excitations were allowed from the mainly 3p(t 1u ) and 3d(t 2g and e g ) vanadium orbitals and from a subset of the mainly 2p fluorine orbitals (t 2g and e g ). This particular truncation of the valence electron correlation has been found to be a reasonable minimal treatment of the dynamical correlation, which brings the main corrections coming from the atomic metal correlation and the ligands correlation. 16 Since the 4 A 2g and the doublets ( 2 E g , 2 T 1g , 2 T 2g , and 2 A 1g ) result from different terms of the free V 2ϩ ion, we calculated the error associated with truncation of the vanadium basis set and multiconfigurational expansion in the corresponding 4 F→ 2 G free V 2ϩ ion using the same atomic basis set and correlation treatment as in the embeded-cluster systems. This error turned out to be Ϫ1300 cm Ϫ1 . We added this empirical correlation energy correction to the embeded-cluster ACPF electronic transitions. 17 The results of the calculated ground state absorptions and of the geometry optimizations are presented in Table I .
It can be seen that the equilibrium distances of the 2 E g and 2 T 1g excited states in the three lattices differ by only 0.005, 0.005, and 0.002 Å, respectively, from that of the 4 A 2g ground state; in consequence, we calculated their excited-state absorptions as the corresponding vertical energy differences obtained at the ground-state equilibrium positions; they are presented in Table II .
III. RESULTS AND DISCUSSION
The calculated ground-state electronic transitions can be compared with available experimental data in Table I . The results show a systematic error of about 1000 cm Ϫ1 , which should be associated to the limited treatment of ligand electron correlation. The neglect of spin-orbit and Jahn-Teller couplings in our calculations should not be responsible for the observed discrepancies: Only the 4 A 2g → 2 T 1g zerophonon transition appears to be split by a very small spinorbit coupling. 18 In order to facilitate the discussion of the results later on, we would like to compare the electronic transitions of Table I Table I͒ and is comparable to that calculated for 4 A 2g -4 T 2g electronic states in these and similar systems. As we will discuss next, these results suggest a reinterpretation of one of the measured ESA spectra. 5 Payne and co-workers measured the ESA spectra of KMgF 3 :V 2ϩ at room temperature. 5 In the infrared region, it could not be scanned to frequencies greater than 8000 cm Ϫ1 because the emission from the sample became too intense. Below this limit, they observed a rising broad feature ͑see Fig. 2 of Ref. 5͒. Although the authors comment that it is not clear how the infrared ESA curve should be extrapolated beyond the 8000 cm Ϫ1 limit, they assigned the rising broad band observed to the 4 T 2g → 4 T 1g a ESA and suggested that it should have its maximum intensity at frequencies greater than 8000 cm Ϫ1 and full width at half-maximum ͑FWHM͒ greater than 2000 cm Ϫ1 , as indicated in Table II . Since, on the basis of the measured ground state absorption bands, the 4 T 2g → 4 T 1g a ESA was expected to peak much lower in energy, at about 6400 cm Ϫ1 , and it was expected to be narrow, as it corresponds to an intraconfigurational transition, 19 Payne and co-workers justified their assignment by the reasonable suggestion of the existence of a strong T e JahnTeller coupling in the 4 T 2g excited state with stabilization energy E JT Ͼ 400 cm Ϫ1 that would split the 4 T 2g → 4 T 1g a into two bands: one at about 6800 cm
Ϫ1
͑FWHM of about 1000 cm Ϫ1 ), which the authors report as difficult to see in the noisy data, and another one at Ͼ8000 cm Ϫ1 ͑FWHM Ͼ 2000 cm Ϫ1 ), which they associate to the rising broad band observed near the 8000 cm Ϫ1 edge.
5
However, this interpretation, which was against the conclu-sions of previous experimental studies of the Jahn-Teller effects in 4 T 2g excited state, 18, 20 is not supported by recent ab initio calculations of its T e coupling, 7 which indicate that the Jahn-Teller effect is much weaker than suggested by Payne and co-workers. 5 This means that the rising broad feature observed in the infrared ESA spectra remains to be explained. In addition to this, the details of the ESA spectra between 5600 and 8000 cm Ϫ1 ͑1800-1250 nm͒ shown in Fig. 2 of Ref. 5 and referred to as ''noisy data'' by the authors, would also require further explanation.
In effect, on the basis of the results of our calculations, shown in Table II , we propose the following interpretation of the observed ESA features.
5 ͑i͒ The broad rising band peaking at Ͼ 8000 cm Ϫ1 with FWHM Ͼ 2000 cm Ϫ1 should be assigned to the superposition of the 2 E g , 2 T 1g → 2 A 1g bands, both of which should be as broad as the ground-state spinallowed absorption bands, given the comparable offshifts in equilibrium geometry of the connected electronic states. ͑ii͒ The lower-frequency region of the experimental ESA spectra shows a set of narrower peaks of lower intensity ͑Fig. 2 of Ref. 5͒, which fit quite well the remaining calculated electronic transitions. In fact, the peaks that can be read at about 5600,5800 cm Ϫ1 ͑1800,1730 nm͒ compare very well with our 2 E g , 2 T 1g → 2 T 2g transitions. ͓The 2 E g → 2 T 2g transition, which is shown to softly depend on the crystal field in Table II , is seen as a shoulder centered at 6500 cm Ϫ1 in the higher-field Gd 3 Sc 2 (GaO 4 ) 3 :Cr 3ϩ material 21 where it has been tentatively assigned to 2 E g → 2 T 2g .] Also, a series of increasingly intense unassigned shoulders/peaks read at about 6250, 6700, 7000, and 7400 cm Ϫ1 ͑1600, 1500, 1425, and 1350 nm͒ fit well our calculated Jahn-Teller split 4 T 2g → 4 T 1g a ESA. This assignment is also consistent with the band maximum observed at about 6800 cm Ϫ1 in the infrared ESA scanned by Moncorgé and Benyattou up to 7250 cm Ϫ1 in KMgF 3 :V 2ϩ and displayed in Fig. 11 of Ref. 6 . Finally, if we compare the overall calculated infrared ESA with the emission bands ͑Table II͒, it is quite evident that the predominant loss mechanism for the laser emission in these crystals should not be the 4 T 2g → 4 T 1g a transition, but, rather, the 2 E g , 2 T 1g → 2 A 1g broad absorption which should notably overlap the emission region. The reinterpretation that we propose of the measured infrared ESA spectra as being the result of multiple absorption from the 4 T 2g and the 2 E g , 2 T 1g excited states and, in consequence, the actual role of the ( 2 E g , 2 T 1g ) ESA as a laser loss mechanism, rest upon the assumption that the doublets are also populated, to some extent, during the pumping of the sample. The stability of the doublet excited states is related to the energy separation between the ( 2 E g , 2 T 1g ) and 4 T 2g excited states, which, ultimately, determine the population/depopulation of the doublets and, hence, the existence of multiple ( Fig. 1͒ , which makes it reasonable to expect that the 2 E g state is populated, to some significant extent, when the sample is excited. This should make it possible the occurrence of both 2 E g emission and 2 E g ESA. However, taking into account that spin-orbit coupling between 2 E g and 4 T 2g should be very small ͑which is also related to the relatively large separation between 2 E g and 4 T 2g at the minimum of 2 E g ), the transition moment for 2 E g → 4 A 2g emission should be very small and, therefore, the emission hardly seen, while for excitations from 2 E g to the upper spin doublets, it should be comparable to that of the spin-allowed ground-state absorptions. All the same is true for the 2 T 1g excited state, whose energy separation and barrier height to nonradiative decay with respect to the laser level 4 T 2g can be also observed in Fig. 1 4 T 2g fluorescence and ESA spectra should be detected, the latter being the only possible ESA loss mechanism. 
